In addition to nucleophile and solvent, the leaving group has a significant influence on nucleophilic substitution (S N 2) reactions. Its role is frequently discussed with respect to reactivity, but its influence on the reaction dynamics remains obscured. Here, we uncover the influence of the leaving group on the gas phase dynamics of S N 2 reactions in a combined approach of crossed-beam imaging and dynamics simulations. We have studied the reaction F -+ CH 3 Cl and compared it to F -+ CH 3 I. For the two leaving groups Cl and I we find very similar structures and energetics, but the dynamics show qualitatively different features. Simple scaling of the leaving group mass does not explain these differences. Instead, the relevant impact parameters for the reaction mechanisms are found to be crucial, which is attributed to the relative orientation of the approaching reactants. This effect occurs on short time scales and may also prevail under solution phase conditions. Consequently, it is one of the most widely studied reactions in physical organic chemistry [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Bimolecular nucleophilic substitution (S N 2) plays a pivotal role in chemical synthesis, especially for interchanging functional groups and for carbon-carbon bond formation 1 .
Consequently, it is one of the most widely studied reactions in physical organic chemistry [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Usually, solvent effects are superimposed onto the intrinsic reaction dynamics, which strongly affects the reactivity. However, it is now becoming increasingly clear that on short time scales direct atomistic dynamics of chemical reactions can prevail -at least partially -in a solution phase environment [17] [18] [19] . By studying S N 2 reactions in the gas phase these intrinsic dynamics, mechanisms and structure-energy relations become accessible.
Gas phase S N 2 reactions are characterized by a double well potential energy surface 2 The S N 2 reactivity is controlled both by the attacking nucleophile and the atom or molecule that is being substituted, i.e. the leaving group. Generally, a good leaving group is defined by the extent to which it lowers the transition state barrier of the reaction. The ability of a substituent Y to act as a good leaving group is often associated with its basicity or electronegativity, i.e. its ability to accept an additional negative charge 22, 23 , and the strength of the C-Y bond 10, 15 . A direct relation of these parameters to the overall reactivity of an S N 2 reaction usually only holds when the leaving groups are structurally similar. If the leaving group abilities of methyl halides are compared, iodine acts as the best and fluorine as the worst leaving group. This order follows the bond strengths of the C-halide bond and the basicity of the leaving halide. The role of the leaving group is often discussed in terms of the overall reactivity of the S N 2 reaction, but little is known about how it affects the underlying dynamics.
The combination of crossed-beam scattering and velocity map imaging 24 has provided new insights into S N 2 reaction dynamics 9, 13 . Combined with direct dynamics simulations this has been successful in explaining gas phase S N 2 reaction mechanisms, scattering angle distributions, and energy partitioning among the reaction products 14 . The role of the nucleophile has been the topic of several recent studies. It was found in reactions of Cl -, F -and OH -with CH 3 I, that the nucleophile strongly influences the shape of the entrance channel complex and thus the reaction pathways 9, 13, 25, 26 . In these studies distinct atomic-level mechanisms were found to be important: The direct rebound mechanism represents the classical co-linear approach with the product ion leaving in the direction of the incoming reactant ion. The direct stripping mechanism attacks the CH 3 group from aside and leads to product ions leaving in direction of the incoming neutral reactant. In addition, several indirect mechanisms, including the roundabout mechanism 9 were identified, which lead to highly excited products with slow and isotropic ion product distributions.
In the present study we explore the role of the leaving group in bimolecular nucleophilic substitution dynamics by investigating the reaction Fig. 1 . These structures are in line with a theoretical study on the trends in S N 2 reactivity for different halide halomethane combinations that also predicted the hydrogen-bonded complex 10 .
Since the branching into direct or indirect reaction dynamics is expected to be influenced mainly by the entrance channel, similar dynamics may be expected for reactions
(1) and (2) . However, by comparing the results for these reactions -reaction (2) has previously been studied by us in collaboration with Hase and co-workers 25,26 -we find substantial differences that signify the influence of the leaving group on the reaction dynamics, also in the entrance channel.
Results

Differential Scattering Cross-Sections
In the experimental part of the present study the dynamics of reaction (1) show this change in mechanism in a more quantitative way. The angular distributions evolve from a more forward-backward balanced distribution at low collision energies towards an anisotropic distribution with more events in the backward direction at higher collision energies. These backward scattered Cl -ions are produced by the direct rebound mechanism.
In contrast, direct stripping would lead to mainly forward scattered Cl -ions 26, 30 .
From the 2D images we see that the velocity distributions vanish within the kinematical cutoff even at the highest collision energy. Thus, some of the available energy is deposited into rovibrational excitation of the CH 3 F product. This is more quantitatively shown in the internal energy distributions in the bottom row of Fig. 2 (black lines), which are extracted from the images. The distributions show a decreasing amount of internal excitation with increasing collision energy, which is another manifestation of the increasing probability for the direct rebound mechanism.
In the right part of Fig (1) shows scattering in backward direction and a much larger contribution of slow products. This is quantified both by the angular distribution, which contains a larger isotropic distribution, and by the internal energy distribution, which shows more highly excited product molecules (lower, right panels).
Furthermore, in this reaction the overall shape of the scattering images changed only gradually with collision energy 25 .
Chemical dynamics simulations have been performed for reaction (1) using the quasiclassical trajectory method on an accurate ab initio analytical potential energy surface 16 .
Roughly half a million trajectories were run for collision energies in the range of 0.5 to 
Reaction Mechanisms
From the experimental and simulated data we have extracted the contribution of the main reaction mechanism, the direct rebound mechanism, to the total scattering signal. This direct rebound fraction is plotted in Fig by an indirect mechanism, for which the reaction time can be a few or few tens of picoseconds. For the simulated direct rebound fraction very similar results are obtained using either the integration time or the product velocity as selection criterion (see Fig. 3 , lower Panel). Given the agreement in the differential scattering distributions, the good agreement for the direct rebound fraction is well expected. The discrepancy at lower relative energies could be explained by an overestimation of the indirect mechanisms in the simulations due to unphysical energy flow during the longer interaction times.
In Fig. 3 the direct rebound mechanism dominates at all but the lowest collision energies for reaction (1) in both experiment (black markers) and simulation (red markers).
This observation of a large fraction of direct product ions is in agreement with earlier experimental 31 and theoretical work 28 . Our data also support the interpretation of a guided ion beam study, which showed a large scattering cross section at very low collision energy and identified the hydrogen-bonded complex as explanation for this 27 . At energies above about 0.5 eV a sharp decrease of the cross section was found and assigned to the onset of direct reaction dynamics. rebound mechanism is also strongly reduced for the isoelectronic system OH -+ CH 3 I (see Fig. 3 , green markers 13, 30 ) which is characterised by an hydrogen-bonded complex as well.
Interestingly, the reaction Cl -+ CH 3 I features dynamics that bear many similarities with the present reaction 9 . In this reaction (exothermicity 0.55 eV) the minimum energy path is known to follow a collinear geometry with C 3v symmetry 9, 10 . This suggests that also in the present system the collinear entrance channel is more important for the dynamics than the hydrogenbonded complex.
To shed light on the origin of the differences for the Cl -and I -leaving groups, we have tested the influence of the vibrational coupling between the entrance and the exit channel by simulating the dynamics for a chlorine atom of mass 127 (corresponding to iodine) on the potential obtained for CH 3 Cl (Fig. 3 lower panel, blue markers) . No significant differences in the rebound fraction are found at high collision energies. At lower collision energies the direct rebound fraction reduces to about half of its value for true Cl, because the cross-section is reduced for the direct channels and enhanced for the indirect channel. Thus, mass-scaling does not account for the observed differences and one has to conclude that the leaving group directly modifies the interaction potential in the entrance channel -enough to strongly change the dynamics, but not enough to change the overall structure and energetics notably.
More insight is gained by inspecting the reaction probability as a function of impact parameter, the opacity function, for each mechanism. Comparison of these contributions for the different systems shows that the indirect mechanism extends to similar maximum impact parameters for both reactions (1) and (2). In contrast, the direct rebound mechanism (red markers) is found to extend to larger impact parameters for reaction (1) than for reaction (2) at both energies. The stripping mechanism appears at higher impact parameters and becomes the dominant reaction mechanism at large impact parameters for reaction (2), while it plays only a minor role in reaction (1). The different opacity functions cannot be explained solely by the different mass of the leaving group as an analysis of the impact parameters for CH 3 Cl' shows the same range of impact parameters as for reaction (1) . Interestingly, both direct reaction mechanisms occur at similar impact parameters at lower and higher collision energy for the reaction with CH 3 Cl, while with CH 3 I the range of impact parameters for which direct rebound or stripping happen strongly depend on the collision energy.
Discussion
The occurrence of the direct rebound mechanism at larger impact parameters in the reaction with CH 3 Cl suggests the orientation of CH 3 Cl by F -to be more efficient than that of Different reaction dynamics were found in both experiment and theory for F -reacting with CH 3 I that can not be explained by just changing the mass of the leaving group. Instead we rationalize this with subtle changes in the interaction potential and as a consequence of an increasing range of impact parameters that lead to direct rebound dynamics -likely due to a better orientation of the pre-reaction complex. These results highlight the important role of both nucleophile and leaving group not only for S N 2 reactivity but also the underlying reaction dynamics. It will have to be clarified how important this effect is in larger organic reaction systems with even larger dipole moments.
Methods
Experiment
The experimental setup and data analysis procedure have been published earlier 25, 34 
